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Introduction
The reproductive steroid, 17β-estradiol (E2), regulates various aspects of energy homeostasis through both peripheral actions and central mechanisms. E2 suppresses feeding and fat accumulation and augments energy expenditure and activity through actions in the brain. The key brain regions mediating E2's effects on energy homeostasis are the hypothalamus and the hindbrain [1] [2] [3] [4] . A decrease in circulating estrogens due to ovariectomy or menopause is associated with positive weight gain in both rodent models and humans, which is attenuated by E2 replacement [5] [6] [7] . Furthermore, food intake varies during the menstrual cycle in humans and in intact animals with a luteal phase peak and a peri-ovulatory nadir in consumption illustrating E2's effects [8] [9] [10] .
E2 uses two classical nuclear steroid receptors, ERα and ERβ to control physiological and cellular functions and to regulate gene expression. ERα is highly expressed in the hypothalamus including the Arcuate nucleus and ERα-mediated actions are the primary mechanisms utilized by E2 to control energy homeostasis [11] . Furthermore, ERα knockouts (ERKO) exhibit an obesity phenotype with increased visceral adiposity and decreased energy expenditure [12, 13] . ERα is also necessary for the attenuation of weight gain and food intake and is involved in the extrahypothalamic (NTS) control of food intake by cholecystokinin [3, 13] .
In the ventromedial hypothalamus, ERα knockdown by RNAi induces a phenotype defined by obesity, hyperphagia, glucose intolerance and reduces activity (energy expenditure), which is resistant to E2's effect on activity [4] .
Arcuate POMC and NPY neurons are involved in feeding and both express ERα. In POMC neurons, ERα is highly expressed (~75%) [14] , with NPY neuronal ERα expression approximately 20% [15] . Indeed, specific deletion of ERα in POMC neurons significantly increased body weight, food intake and activity, while specific deletion of ERα in SF1 neurons of the ventromedial hypothalamus decreased energy expenditure and increased fat accumulation [16] . Furthermore, POMC and NPY neurons express a Gq-coupled membrane estrogen receptor that mediates E2's effects on feeding, core body temperature and gene expression [17] [18] [19] [20] [21] .
Both the classical ERs (ERα and ERβ) bind to DNA at estrogen response elements (ERE) to control gene expression. However, both receptors can control gene expression through EREindependent signaling via protein-protein interactions with other transcription factors (Sp-1, FosJun (AP-1) pCREB, STATs, and NFκB) and binding to other promoter sites [22] . ERs also activate membrane-initiated signaling cascades (MAPK, PLC, PI3K) that modulate cell physiology and control gene expression [18] [19] [20] [23] [24] [25] . Recently, the restoration of EREindependent signaling was reported to normalize energy balance in ERKO females [26] . These mice express an ERα (ER AA ) that lacks the ability to bind to ERE due to mutations in the DNAbinding domain [27] . Females that only express the ER AA , also called ERα KIKO (KIKO), do not become obese like their ERKO counterparts.
In wild type females, ovariectomy induces weight gain that is attenuated by E2 replacement while in the ERKO female ovariectomy does not induce significant body weight gain.
Ovariectomized ERKO females also do not respond to E2 replacement [13] . The lack of normal response to ovariectomy in the ERKO females is interpreted as an indicator of ERα's role in mediating E2's effect on energy homeostasis. Therefore, we sought to determine if the presence of ERE-independent signaling in KIKO females restores the post-ovariectomy body weight gain in females and if this positive state of energy balance is attenuated by E2
replacement. We assessed the effects of ovariectomy with or without E2 replacement in wild type, ERKO and KIKO littermate females by measuring body weight and food intake for four weeks followed by measurements of oxygen consumption, activity and body composition.
Experimental
Animal care. All animal treatments are in accordance with institutional guidelines based on After monitoring, females were housed alone and allowed to recover for one day prior to injection of either sesame oil or 17β-estradiol benzoate (250 ng/dose) at which time body weight and food weight were measured. Females were injected and weighed every other day (QOD) for 4 weeks. At the end of four weeks, females were analyzed for body composition using the EchoMRI and metabolic parameters and activity using the CLAMS. Monitoring was followed by another day of recovery and an injection of oil or E2 24-hr prior to killing and brain and body dissections. See Figure 1 for a timeline of the experiment. A subset of females from each genotype were not ovariectomized and subjected to the same experimental paradigm.
Tissue Dissections. At the end of the experiments, females were decapitated after sedation with ketamine (100 µl of 100 mg/ml, i.p.) 24 h after the final treatment injection. Trunk blood was collected and analyzed for triglyceride and glucose levels using a CardioChek (Polymer Therefore, the relative mRNA expression data was analyzed using the ΔΔC T method [33, 34] .
The amplification protocol for all the genes was as follows: initial denaturing -95 °C for 10 min Final relative quantitation was done using the comparative C T method [33, 34] Data analysis. All data was expressed as mean ± SEM. All the data from the bi-daily body weight measurements and CLAMS analysis were analyzed using a two-way ANOVA followed by a post-hoc Bonferroni-Dunn multiple comparison tests. All data from the food intake studies, body composition determination, quantitative real-time PCR experiments and other measurements were analyzed using a one-way ANOVA followed by a post-hoc Bonferroni-Dunn multiple comparison tests and/or Student's t-test (unpaired). All data was analyzed using
GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA) and in all cases, effects were considered significant at p ≤ 0.05.
Results

Serum E2 levels and uterine weights
Serum E2 levels were measured in all animals including intact females. Intact KIKO females had slightly higher serum E2 levels than intact WT females (WT: 3.3 ± 0.2 pg/ml (n=7) vs. KIKO:
4.7 ± 0.6 pg/ml (n=7); p<0.05) respectively ( Figure 2A ). Intact ERKO females had significantly higher serum E2 levels (22.3 ± 4.2 pg/ml (n=7), p<0.01) than both intact WT and KIKO females.
In oil-treated, ovariectomized (ovx) WT, KIKO and ERKO females, the serum levels of E2 were not significantly different (3.9 ± 0.5 pg/ml (n=8); 8.5 ± 3.3 pg/ml (n=8); and 5.9 ± 1.3 pg/ml (n=8); respectively). In the E2-treated, ovx WT, KIKO and ERKO females, the serum levels of E2 were not significantly different (23.7 ± 3.5 pg/ml (n=8); 26.5 ± 4.8 pg/ml (n=8) and 33.3 ± 7.5 pg/ml (n=8); respectively) but were significantly higher than in the oil-treated counterpart females (p<0.0001, p<0.01, p<0.01, respectively).
We measured uterine weights at the end of the experiment to confirm the presence of E2 in the WT ovx females ( Figure 2B ). In WT females, E2 replacement is known to increase uterine weights through an ERα-mediated mechanism [35] . Intact WT females had significantly higher uterine weights/body weight than either intact KIKO or ERKO females (WT=2.61 ± 0.4 g/g;
KIKO=1.7 ± 0.5 g/g; ERKO=0.6 ± 0.4 g/g; WT vs. KIKO: p<0.01; WT vs. ERKO: p<0.0001).
In WT females, the oil-treated, ovx females had a uterine weight/body weight (g/g) that was significantly less than the E2-treated, ovx WT females (0.7 ± 0.3 g/g vs. 5.8 ± 0.5 g/g, p<0.0001). E2 also increased the uterine weight/body weight in ovx KIKO females, although the difference was not as great between oil-and E2-treated groups (0.9 ± 0.1 g/g vs. 1.5 ± 0.2 g/g, p<0.5). E2 replacement had no effect on ERKO uterine weights (0.5 ± 0.1 g/g vs. 0.5 ± 0.1 g/g).
Furthermore, E2-treated WT females had significantly higher uterine weights than both E2-treated KIKO and ERKO females (p<0.0001 for both) and E2-treated KIKO females had significantly higher uterine weights than ERKO females (p<0.001).
Post-ovariectomy body weight gain and E2 attenuation
Ovariectomy in WT female mice results in significant body weight gain. Conversely, ovariectomy in ERKO females does not cause a significant increase in body weight [13] . Prior to ovariectomy, there was no significant difference in body weights across or within the genotypes.
WT females weighed 18.4 ± 0.3 g (oil) and 18.7 ± 0.4 g (E2); KIKO females weighed 17.7 ± 0.6 g (oil) and 17.9 ± 0.3 g (E2); and ERKO females weighed 18.9 ± 0.5 g (oil) and 19.3 ± 0.6 g (E2).
In this study, oil-treated, ovx WT females gained more weight than both the KIKO and ERKO oil-treated, ovx females ( Figure 3A ). Significant differences appeared between the WT, KIKO and ERKO ovx females on day 15 and day 9, respectively (WT vs. KIKO: p<0.01, df=1, F=9.08; WT vs. ERKO: p<0.001, df=1, F=18.09). The weight gain in the ovx KIKO, as seen in Figure 3A , is intermediary between the ovx WT and ERKO females. Weight gain between the oil-treated, ovx KIKO and ERKO females was not significantly different (p=0.076) although the weight gain in the KIKO females was observably higher. This was due, in part, to a large amount of variation in the response to ovariectomy by ERKO females with three animals gaining weight and the remaining either not gaining weight or losing weight over the 27 days of the experiment.
Furthermore, post-ovariectomy body weight gain in WT was significantly greater than intact WT females (cumulative weight gain (day 27): intact WT: 1.4 ± 0.3 g vs. ovx WT: 3.8 ± 0.2 g; p<0.0001; Figure 3B ). Intact KIKO females gained 1.4 ± 0.3 g over the 27 days while oil-treated, ovx females gain an average of 2.1 ± 0.3 g (p=0.11; Figure 3C ). Intact ERKO females gained an average of 1.4 ± 0.9 g during the experiment while oil-treated, ovx ERKO females gained 0.5 ± 0.7 g ( Figure 3D ). However, ovx KIKO females did temporarily have greater cumulative weight gain at day 9 through day 13 compared to intact KIKO females (p<0.01) indicating a significant, initial post-ovariectomy weight gain that was not sustained like in the ovx WT females.
Only in ovx WT females did E2 replacement attenuate the post-ovariectomy body weight gain ( Figure 3B ; ANOVA: p<0.001, df=1, F=20.68). In KIKO females, E2 did not significantly reduce body weight gain although there was a clear separation in body weights between oiland E2-treated KIKO females ( Figure 3C ). As previously reported, there is no effect of E2 on body weight gain in ovx ERKO females ( Figure 3D ). Similar to the response to ovariectomy, the response of the body weight in KIKO females to E2 replacement was intermediate to WT and ERKO females suggesting that ERE-independent signaling may be involved, but not sufficient for E2's attenuation of post-ovariectomy body weight gain.
E2 effects on feeding behavior
During the 4 weeks of the experiment, food intake was measured every other day (QOD) for both intact and ovx females. The average 48 hr food intake was significantly higher in intact WT females (6.7 ± 0.3 g) than both intact KIKO (5.6 ± 0.2 g, p<0.01) and intact ERKO (5.7 ± 0.3 g, p<0.05) ( Figure 4A ). This pattern continued for both oil-treated and E2-treated ovx females. WT ovx females, regardless of steroid treatment consumed more food than both the KIKO and ERKO ovx females (two-way ANOVA: p<0.0001, df=2, F=39.1). Furthermore, oil-treated WT females consumed more food than their E2-treated counterparts (oil: 7.6 ± 0.2 g vs. E2: 6.9 ± 0.2 g, p<0.05) and their intact WT counterparts (p<0.05) (one-way ANOVA: p<0.05, df=2, F=4.8). Intact KIKO females ate significantly less food than either oil-treated or E2-treated KIKO females (oil: 6.2 ± 0.2 g; E2: 6.1 ± 0.1 g, p<0.05). There was no effect of E2 treatment on either KIKO or ERKO 48 hr food intake nor was there any difference between either intact ERKO food intake or oil-treated or E2-treated ERKO females.
During the 4 weeks of food intake measurements, we also observed a significant amount of food in the bottom of the cage. Therefore, we decided to measure the amount of food left in the cage every 48 hr and called it 'food chewed'. The amount of food chewed correlated with the average 48 hr food intake in the intact females. Intact WT females chewed significantly more food than both the KIKO and ERKO intact females (WT: 2.7 ± 0.4 g vs. KIKO: 1.2 ± 0.3 g vs.
ERKO: 1.1 ± 0.3 g, p<0.05) ( Figure 4B ). In the oil-treated, ovx females, the amount of food chewed was 1.3 ± 0.3 g for the WT females; 1.4 ± 0.4 g for the KIKO and 2.5 ± 0.5 g for the ERKO females (no significant effect of genotype). However, ovariectomy did decrease the amount of food chewed compared to intact females in the WT (p<0.05). In the E2-treated, ovx females, WT females (3.4 ± 0.6 g) chewed more food than KIKO females (1.1 ± 0.2 g; p<0.01), but not ERKO females (2.0 ± 0.4 g). E2-treated WT females also chewed significantly more food than oil-treated WT females (p<0.01) and E2-treated ERKO females chewed more food than E2-treated KIKO (E2: p<0.05). Food chewing may be an indication of greater activity, anxiety/boredom or pica, non-nutritive food intake [36] .
The effect of ovariectomy and E2 on body composition and metabolic chemistry
To determine the change in lean mass and fat accumulation over the course of the 4-week treatment, we measured body composition 5 days after ovariectomy and after 4 weeks using an
EchoMRI Body Composition analyzer. The change in body fat was positive for both WT (22.3 ± 7.1%) and KIKO (13.3 ± 4.8%) females over the 4 weeks ( Figure 5A ). ERKO females did not have a significant change in body fat (-9.1 ± 13.7), and there were no significant differences between the genotypes. The change in body fat in intact WT and KIKO females correlates with the small increase in body weight over the 27 days of the experimental period. ERKO females did not increase in body fat significantly but had larger fat deposits at the start of the experiment than then WT and KIKO females (data not shown).
Amongst the oil-treated, ovx animals, the change in percent body fat was greatest in the WT compared to both the other oil-treated genotype groups and to the E2-treated WT females.
Amongst the oil-treated females, the change in percent body fat increased by 78.0 ± 10.2% in the WT, 49.2 ± 6.6% in the KIKO and 25.4 ± 12.3% in the ERKO (WT vs. KIKO: p<0.05; WT vs.
ERKO: p<0.01). In the E2-treated WT females, the change in percent body fat was 49.3 ± 4.1%
(WT oil vs. WT E2: p<0.01). The changes in percent body fat for KIKO (38.9 ± 7.9%) and ERKO (36.3 ± 8.1%) E2-treated females were not significantly different than the WT. There were no significant effects of steroid treatment or genotype on percent change in lean mass ( Figure 5B) except for a significant difference between both oil-treated and E2-treated WT and their ERKO counterparts (WT oil vs. ERKO oil: p<0.01; WT E2 vs. ERKO E2: p<0.05).
We also measured non-fasting, whole blood triglyceride and glucose levels from collected trunk blood. We did not fast the animals prior to killing due to the effects of fasting on arcuate neuropeptide gene expression [37] . E2 treatment increased the triglyceride levels in WT females (WT oil: 61.5 ± 3.0 mg/dl vs. WT E2: 74.3 ± 4.1 mg/dl, p<0.5). However, blood triglycerides were not significantly affected by genotype in the intact females or the oil-treated and E2-treated ovx females ( Figure 5C ). Blood glucose levels were highly variable and not significant different across the genotypes for intact or ovx females ( Figure 5D ).
The effect of ovariectomy and E2 on energy expenditure and locomotor activity
To measure changes in energy expenditure, we used a Comprehensive Lab Animal
Monitoring System to measure oxygen consumption (V.O 2 ), CO 2 production (V.CO 2 ), respiratory exchange ratio (RER), heat and activity (X and Z). Each female was analyzed for these parameters 4 days after ovariectomy for 48 hr and after 4 weeks of steroid treatment for another 48 hr. All data from the last 24 hr of the CLAMS run was used in the analysis and was further separated into day (7 am to 7 pm) and night (7 pm to 7 am). Comparisons were made between the pre-treatment and the post-treatment CLAMS results within genotype and across steroid treatment (intact, oil, E2).
In both day (data not shown) and night ( Figure 6A) Figure 6B ). The greatest difference was between WT-E2 day and WT-E2 night V.O 2 (day: 3726 ± 130 ml/min/kg vs. night: 4657 ± 143 ml/min/kg, p<0.001). E2 only had a significant effect on V.O 2 in the WT females during the nighttime hours (WT-oil: 4234 ± 168 ml/min/kg vs. WT-E2: 4657 ± 143 ml/min/kg, p<0.05). These data suggest that the attenuation of body weight gain in the WT females by E2 is due, in part, to a small but significant increase in nighttime V.O 2 .
Similar results were observed between the pre-treatment and post-treatment nighttime V.CO 2 ( Figure 6C ). V.CO 2 was significantly higher in the pre-treatment females compared to Figure 6D ). Although E2 had no significant effect on V.CO 2 between genotypes either in the daytime or nighttime, the greatest difference between time periods was WT-E2 day and WT-E2 night V.O 2 (day: 3501 ± 118 ml/min/kg vs. night: 4496 ± 151 ml/min/kg, p<0.001).
There was no effect of E2 on the respiratory exchange ratio (V.CO 2 /V.O 2 ) or RER within the genotypes nor was there a significant effect of genotype on RER either during the daytime or nighttime ( Figure 7A ). However, there was a significant decrease in RER during the daytime compared to the nighttime between all genotype-treatments (Two-way ANOVA: day-night:
p<0.0001, df= 1, F= 79.23) with greatest difference between ERKO-E2 day and night (day: 0.87 0.01 vs. night: 0.99 0.02, p<0.0001). Because RER is an estimation of the respiratory quotient, which indicates the type of fuel (fat or carbohydrates) being metabolized [38] , we can infer that during the day the females are utilizing a mixture of fat and carbohydrates with more carbohydrates being utilized during the night, the primary feeding hours. We also measured body heat (CV x V.O 2 or 3.815 + 1.232 x RER) using the CLAMS units ( Figure 7B ). As with RER, there was no significant effect of E2 on heat within genotypes during the daytime or nighttime but there was a significant decrease in heat between the daytime and nighttime between all genotype-treatments (Two-way ANOVA: day-night: p<0.0001, df= 1, F= 31.89).
Locomotor activity was also measured using the CLAMS units. Dissimilar to V.O 2 and V.CO 2 , there was no significant change between the nighttime pre-treatment and post-treatment total X-plane activity, although there was a negative trend in the WT-oil females compared to the other treatments ( Figure 7C ). The decrease in nighttime WT-oil activity between pretreatment and post-treatment was not observed in the WT-E2 females. Indeed, the difference in the X-plane beam breaks between the post-treatment WT-oil (347 ± 62 counts) and WT-E2 (535 ± 68 counts) females was the only significant effect of E2 on activity (p<0.05) ( Figure 7C & 7D) . There was also a significant decrease in locomotor activity between the daytime and nighttime between all genotype-treatments (Two-way ANOVA: day-night:
p<0.0001, df= 1, F= 140; Figure 7D ) with the greatest difference between the WT-E2 day activity (167 ± 19 counts) and the WT-E2 night activity (534 ± 68 counts), (p<0.0001). Similar results were observed for Z-plane activity (data not shown). These data indicate that the attenuation of body weight gain in the WT females by E2 is due, in part, to a small but significant increase in nighttime activity, which correlates to the increase in V.O 2 ( Figure 6B ).
Neuropeptide genes regulated by E2 and across genotypes
To determine if there are any genotype or steroid effects on the expression of arcuate neuropeptide genes known to be involved in energy homeostasis, arcuate nuclei were dissected and processed for quantitative real-time PCR from all intact and ovx females (n are smaller than in the physiological experiments due to a loss of tissue samples during RNA extraction). We analyzed two anorexigenic genes, proopiomelanocortin (POMC) and cocaine-andamphetamine-regulated transcript (CART), and two orexigenic genes, neuropeptide Y (NPY) and agouti-related peptide (AgRP). In the arcuate, POMC and NPY are co-expressed in the same neurons and NPY and AgRP are co-expressed.
In intact females, we observed no significant difference in gene expression between the genotypes (WT, ERKO, KIKO) for CART, NPY and AgRP ( Figure 8A ). For POMC, ERKO POMC expression was significantly lower than both WT and KIKO females (WT: 1.04 ± 0.14 (n=6); KIKO: 0.96 ± 0.11 (n=6); ERKO: 0.52 ± 0.17 (n=5); p<0.05 for both comparisons; genes were normalized to WT females for all genes). In the ovx females, POMC gene expression was significantly different within genotype between the oil-treated and E2-treated females in the WT (WT-oil: 1.09 ± 0.09 (n=8) vs. 1.52 ± 0.08 (n=8), p<0.01) ( Figure 8B ). In comparing gene expression across the genotypes when normalized to the WT-oil females, there was a significant effect of genotype-treatment (One-way ANOVA: p<0.0001, df=5, F=14.7). Indeed, the KIKO-E2, ERKO-oil and ERKO-E2 were all significantly lower than the WT-oil (KIKO-E2:
p<0.05; ERKO-oil: p<0.05; ERKO-E2: p<0.001). KIKO-oil females were almost significantly less than the WT-oil (p=0.051).
Amongst the other three arcuate genes, CART expression in the WT females was the only pair to have significant change due to E2 treatment ( Figure 8C ). CART expression in WT-E2 (0.55 ± 0.1) was significantly lower than in WT-oil (1.08 ± 0.15; p<0.05). Across genotypes, there was a significant effect of genotype (One-way ANOVA: p<0.05, df=5, F=3.2) and both WToil and KIKO-oil (1.05 ± 0.19) was significantly higher than ERKO-E2 (0.43 ± 0.16; p<0.05).
There was no effect of E2 treatment within a genotype for either of the two orexigenic genes, NPY and AgRP ( Figure 8D & 8E) . However, in both genes there was a significant effect of genotype (One-way ANOVA: NPY -p<0.001, df=5, F=5.8; AgRP -p<0.05, df=5, F=3.4). In NPY, ERKO gene expression was higher than in the WT and KIKO females (WT vs. ERKO-oil (p<0.05) and ERKO-E2 (p<0.001); KIKO vs. ERKO-oil (p<0.05) and ERKO-E2 (p<0.01)). In AgRP, ERKO-E2 was significantly higher than WT-oil (p<0.001). These data collectively suggest that there are genotype differences in the gene expression of these neuropeptides that may be involved in the changes we measured in energy homeostasis.
Discussion
Previously, it has been shown that ovariectomy in wild-type female mice caused significant body weight gain, which is abrogated in ovx ERα KO (ERKO) female mice [13] . Furthermore, intact, adult ERKO mice developed obesity and the knockin of ERα ERE-independent signaling in ERKO females (ERα KIKO) restored normal energy homeostasis in intact females [13, 26] . We demonstrated here that ERE-independent signaling is not sufficient to either fully restore the positive weight gain observed in ovx WT females or fully reestablish the effects of E2 in attenuating post-ovariectomy body weight gain. In every measure of energy homeostasis conducted, the effects of E2 were only observed in WT females, suggesting that EREdependent signaling was necessary for effects of E2 replacement on feeding, oxygen consumption, activity, body fat accumulation and gene expression of arcuate neuropeptides in ovx females.
Vehicle-treated, ovx WT females were shown to gain significantly more weight than their E2-treated counterparts on regular and high-fat diets, respectively [13, [39] [40] [41] . E2 replacement was associated with a suppression of food intake [13, 40] and an increase in oxygen consumption [41] . Our data supported these findings in WT females. E2 replacement in ovx WT females increased oxygen consumption and activity and suppressed food intake compared to oil-treated WT females. Together, these effects of E2 on energy homeostasis attenuated the postovariectomy body weight gain in WT females.
Unexpectedly, none of these effects were observed in the E2-treated KIKO females although there was an observable, but non-significant, attenuation of the body weight gain. As in the WT females, ovariectomy did significantly suppress oxygen consumption in KIKO females.
However, E2 did not increase oxygen consumption in the KIKO females suggesting that EREindependent signaling was not sufficient to restore E2's augmentation of oxygen consumption.
While food intake did slightly increase due to ovariectomy in KIKO females, this increase was significantly less than in the WT females regardless of treatment. The smaller increase in the post-ovariectomy food intake in KIKO females is the most plausible explanation for the lower amount of weight gain in the oil-treated, ovx KIKO females. Therefore, the increase in body weight due to ovariectomy in KIKO females is primarily through a decrease in metabolism, independent of activity, and through a small but significant increase in food intake.
Modulation of arcuate POMC and NPY neurons is known to have a role in E2's suppression of food intake [42, 43, 16] . For example, deletion of ERα in arcuate POMC neurons produced a hyperphagic response in intact female mice leading to an increase in body weight [16] . In our study, an E2-induced increase in POMC gene expression was only observed in WT females, indicating that the suppressive effects E2 on food intake in this study was mediated, in part, by anorexigenic POMC neurons. Gene expression of the anorectic (POMC/CART) and orexigenic (NPY/AgRP) arcuate neuropeptides was significantly affected by genotype. ERKO females expressed more orexigenic peptides and less anorexigenic peptides than the WT counterparts.
However, the differences in neuropeptide gene expression did not correlate with lower amount of food intake in ERKO females. This apparent discrepancy between gene expression and feeding behavior suggests a dysregulation of the intrinsic control of feeding behavior by arcuate neurons in ERKO females.
E2's effects on metabolism are mediated by its action on neurons of the ventromedial nucleus of the hypothalamus (VMH). Deletion of ERα in the SF-1 neurons of the VMH [16] or silencing of ERα by RNAi administered in the VMH [4] produced a phenotype of decreased energy expenditure. Likewise, total knockout of ERα caused a decrease in energy expenditure compared to WT females, which is one of the primary causes of obesity in ERKO mice [12, 26] .
In the current study, neither ovariectomy nor E2 replacement had an effect on energy expenditure in the ERKO females. Furthermore, intact WT and KIKO females had similar rates of oxygen consumption [26] , as did WT and KIKO females within one week of ovariectomy.
Long-term (12 weeks) ovariectomy in WT females caused a significant decrease in oxygen consumption leading to weight gain [44] . Similar to WT females, long-term (5 week) ovariectomy significantly decreased energy expenditure in KIKO females. However, E2 attenuated postovariectomy body weight gain only in WT females, which was partially due to an increase in nighttime oxygen consumption. These data suggest that ERE-independent ERα signaling, possibly in the VMH, controls energy expenditure in intact females. This type of ERα signaling also has a role in the post-ovariectomy decrease in energy expenditure, but was not sufficient for E2's augmentation of energy expenditure.
During the experiment, we also observed a difference in the amount of food chewed, but not fully consumed, between genotypes. In wild-type females, there was a significant decrease in the amount of food chewed after ovariectomy that was not seen in the other genotypes. E2
replacement in the WT females increased the amount of food chewed to similar levels observed in the intact. This behavior correlated with the higher levels of activity observed in the intact (data not shown) and E2-treated WT females. Another potential causes is compulsive or anxiety-associated feeding behaviors or "pica", [36] some of which may be augmented by E2 in mice [45] , or increased anxiety due to the stress of single housing during the experiment [46] .
The partial restoration of the post-ovariectomy body weight gain in KIKO females compared to WT females suggests a role for ERE-independent signaling. This role in energy homeostasis may function through the organizational effects of ERα signaling occurring during neurodevelopment. Thus, a potential cause behind the lack of body weight gain in ERKO females is the loss of ERα signaling during neurogenesis in the hypothalamus and other regions of the brain involved in homeostatic functions [47] [48] [49] . While no such direct role of organizational ERα signaling in energy homeostasis has been demonstrated, the partial restoration of the response in body weight to ovariectomy in KIKO females indicates that a portion of these mechanisms are ERE-independent. This hypothesis is supported by the normal weight phenotype of the intact KIKO females [26] . Therefore, we can hypothesize that ERα-mediated developmental programming and control of neural circuitry is necessary for the postovariectomy body weight gain. The development of a conditional ERα KO mice strain would be key in addressing this hypothesis.
Furthermore, it is unknown if the response to ovariectomy (body weight gain) is primarily mediated by central or peripheral organizational and activational mechanisms. A recently produced brain-specific ERKO strain exhibit higher body weight compared to wild-type littermates in both females and males [16] . These mice exhibit higher food intake and visceral fat accumulation, lower heat production and decreased locomotor activity indicating the central effects of E2 and ERα signaling are necessary for normal energy homeostasis. However, the response to ovariectomy has not been characterized in these mice. If there is a neurodevelopmental effect of ER signaling involved in the post-ovariectomy body weight gain, these mice should respond similar to the total ERKO females used in this study and others [13] .
Peripheral expression of estrogen receptors includes organs and tissues involved in energy balance, metabolism and glucose homeostasis [50] . Thus, the actions of ERα are involved in a range of metabolic processes in intact females, which are altered by ovariectomy [51, 52] . It is largely unknown if these peripheral effects of E2 and ERα are mediated by ERE-independent signaling. In liver-specific ERα knockout females, E2's effects on insulin sensitivity and liver lipid deposition are impaired, without affecting E2's suppression of adiposity on a high-fat diet [53] . In intact KIKO females, glucose homeostasis and the response to high-fat diet are normalized compared to WT females [26] , thus indicating that ERα ERE-independent signaling is involved in peripheral metabolic processes. Indeed, membrane-initiated ERα signaling is implicated in the regulation of gene expression and lipid synthesis in the liver through an AMPK-mediated pathway [54] . Therefore, future experiments will examine the effects of high fat diets, liver function, glucose homeostasis and ovariectomy with or without E2 replacement in KIKO females [44, 51, 52] .
One potential qualification to the current study is the genotype of the ERKO backbone to the ERα KIKO mice. The ERKO and KIKO females used in this study were genotypically different than those used in either Geary et al. (2001) with the ERKO mouse produced by Dr. Pierre Chambon and colleagues [55] . Furthermore, the ERKO mice originally described as not gaining significant weight post-ovariectomy in Geary et al. (2001) were a different ERKO strain produced by Dr. Ken Korach and colleagues [56] .
Potential differences between these three strains of ERα knockouts may account for the differences reported in the results between earlier studies [12, 13] , the Park et al., (2010) study and this current study.
In conclusion, ERα is the primary receptor in E2's effects on energy homeostasis, although other ERs (Gq-mER, ERβ) have been recently implicated in mediating E2's control of energy homeostasis either by suppressing feeding in ovx rodents [18] [19] [20] or by attenuating adiposity and maintaining normal glucose homeostasis [57, 58] . The multiple receptor-mediated mechanisms initiated by ERα are not fully understood yet previous studies [26, 41, 52] and the current study suggest that these mechanisms involve both ERE-dependent and -independent signaling pathways. Future studies must focus on the contributions of these two types of steroid signaling and their respective roles in both organizational and activational effects of E2 on energy homeostasis. Such studies may provide multiple therapeutic targets for selective hormone replacement therapy with limited deleterious side effects. 
